The technical device for continuous microscopic observations of stomatal movements in a gas exchange chamber using digital image analysis, earlier described by Kappen et al. (1994) , was technically improved. By electronic remote control, it is now possible repeatedly to record over a period of several days identical stomata on a 25 x 50 mm leaf area. The responses of individual stomata to various light-dark sequences in the light and in the dark phase were investigated on attached leaves of Vicia faba (L.). The amplitude of stomatal oscillations caused by alternating light was highest on the first day of an experimental series and decreased with repeated application, indicating a longterm adjustment to changing light conditions by decreasing sensitivity to intermittent darkening. In the usual dark phase light-dark sequences had little effect on the stomatal aperture, which remained small. These results were widely convergent with the stomatal conductance calculated from the gas exchange measurements. Very prominent is the role of an endogenous rhythmicity of the stomatal response. It could be demonstrated (1) by autonomous stomatal opening before the light phase started; (2) by a suppression of dark response in the early morning hours; (3) by a decreasing light stimulation in the afternoon; (4) by further increase of aperture for several hours if no light was provided in the light phase. Closely adjacent stomata could show divergent dark-opening movements pointing to an autonomous control mechanism located in the guard cells. The endogenously controlled morning opening provides full assimilation capacity in the usually humid morning hours when transpiratory water loss associated with C0 2 -uptake is comparatively small.
Introduction
By controlling stomatal aperture, higher plants are able to adjust diffusion resistance for CO 2 and water to continuously changing environmental conditions. Stomatal movements control CO 2 uptake and transpirational water loss of plants. Among the major relevant environmental conditions irradiance plays the most important role. Light energy directly controls the stomatal reaction by its influence on receptor systems in the guard cells. It has also an indirect, but very significant, effect on stomatal aperture as it controls photosynthetic CO 2 fixation and, consequently, the CO 2 concentration in the intercellular space of the mesophyll to which guard cells react (Zeiger, 1990) .
Stomatal responses have been mainly derived from CO 2 and H 2 O gas exchange measurements and their consequences for the carbon and water relations of plants have been repeatedly demonstrated in laboratory and field experiments. Studies of steady-state reactions of stomata are able to show the potential CO 2 uptake and transpiratory response. Recently, more attention has been paid to the responses to changing environmental conditions as non-steady-state reactions of the plants were studied. Irradiance usually changes drastically under natural conditions either due to cloudy weather or the incidence of sunflecks in the canopy. Understorey plants were found to react specifically to these varying irradiance conditions (Knapp and Smith, 1990a; Tinoco-Ojanguren and Pearcy, 1992; Ogren and Sundin, 1996) .
Models describing the stomatal response to environmental conditions have to take into account that these responses are not uniform at any time. The careful analysis of diurnal courses revealed that the same stimulus caused different responses at different times of day, showing the interfering influence by an endogenous circadian rhythmicity. The latter is well known from earlier laboratory experiments (Mansfield and Heath, 1961; Brogardh and Johnsson, 1975) . Field experiments do, however, give more complex results. Models of canopy conductance that assume a uniform response throughout the day tend to overestimate the conductance in the afternoon (OginkHendriks, 1995; Lindroth, 1985) . Modelling stomatal response to variations of irradiance requires the adjustment of model parameters to the diurnal rhythmicity to fit better in the afternoon (Kirschbaum et al., 1988) .
Varying response levels found under natural environmental conditions may not simply be related to the effects of circadian rhythmicity. They may also involve the effects of fatiguing of the stomatal opening mechanism during a long light period or the effects of a decreasing sensitivity of the stomatal apparatus as a consequence of too frequent stimulations.
To study the extent to which circadian rhythmicity modifies the stomatal response pattern and to quantify this effect, laboratory experiments were carried out with intact attached leaves of potted Vicia faba plants. A technical device for the direct in situ monitoring of stomatal movements described by Kappen et al. (1994) was improved. It makes continuous records of stomatal apertures of a number of stomata, and simultaneous measurements of CO 2 exchange and transpiration of the same leaf in situ. Whereas gas exchange measurements reveal an integrated signal the visual observation of the guard cells enables the stomatal movements to be recorded directly. This is particularly advantageous in conditions where determinations of stomatal conductance by transpiration measurements fail because of very low VPD (vapour pressure deficit) and low boundary layer conductance in still air.
In the experiments presented here, sequences of lightdark periods were varied during the usual light and dark phases for plants that were accustomed to a 12/12 h light/dark regime.
Materials and methods
The experimental device for the continuous microscopical recording of stomatal movements in situ has been described in detail in earlier publications (Kappen et al., 1987 (Kappen et al., , 1994 . However, some details of recent technical changes and improvements that allow more efficient observations of a greater number of stomata have been added in this work.
CO 2 exchange and transpiration were measured in a transparent chamber in an open system. An IRGA (Binos, Leybold Heraeus, Germany) and a bypass system that precipitates and measures the transpired water quantitatively (Walz, Germany) were used. Measured gas exchange data are passed to a datalogger (2IX, Campbell Scientific, UK) and recorded in a computer.They can be used for the on-line calculation of leaf conductance (g^r) according to the procedure by Ball (1987) . The plexiglas cuvette with a volume of 3.5 1 was specifically designed for microscopical observations of the stomata on the lower leaf surface. For this purpose a longdistance objective in the bottom wall of the chamber connected to an inverse microscopic unit (Zeiss, Germany) with video connector tube was used. The transmission light from a GaAlAs infrared diode at 880 nm wavelength was used as an auxiliary light source if observations in the absence of physiologically active radiation were required.
Images of the leaf surface were taken by a CCD video camera and were transferred to an image analyser system for the detection of stomatal pore size. In order to unify the measures the aperture area was always expressed as a percentage of the maximum aperture. The significance of the differences between reactions of the same group of stomata to different treatments was tested using one-way repeated measures ANOVA and all pairwise multiple comparison (Student-Newman-Keuls method).
The leaf was fixed between two 25 x 50 mm frames with thin tensioned nylon strings. The leaf holder could be moved in three spatial directions by translation stages (OWIS, Germany) that are driven by stepper motors which are mounted outside the cuvette. The leaf holder is connected to the translation stages by a metal arm sticking through a hole in the cuvette wall. The cuvette wall is sealed against the transmission arm by a PTFE bellow. The stepper motors were driven by a three-dimensional remote control unit (Marzhauser, Germany) which is controlled by the image-analysing computer system. Positioning and image focusing can be conducted manually by a joystick. A control program was designed for repeated observations of a group of selected stomata. 16 stomata can be scanned within a minute, thus allowing a quasi continual observation of relatively large numbers of stomata.
While, hitherto, it has only been possible to investigate closely adjacent stomata repeatedly, the observable leaf area is now extended to 25 x 50 mm in which stomata can be repeatedly localized. Thus, the responses of populations of stomata can be examined. Identical stomata can be observed over periods of approximately 1 week instead of having to select new stomata after only brief periods of observation.
Vicia faba (L.) cv. con amore plants were grown in pots with sand-soil mixtures in a conditioned chamber at 20 °C and 12/12 light (700 ^mol m~2 s"')/dark phases. Light sources were incandescent lamps (Osram HQIT 400). Plants were taken for the experiment at the age of 4-6 weeks. Stomata were observed on the third or fourth leaf. Before the leaves were mounted in the cuvette the tip region of the shoot was cut off to prevent further growth in the cuvette. The leaves were allowed to acclimatize at 20 °C and 90% RH in the cuvette for 24 h under the same light-dark sequence as before. The light sources were here 20 halogen cold-light lamps hanging in a rectangular frame about 80 cm above the cuvette and providing a homogeneous irradiance of 700 ^mol m~2 s~' PPFD (photosynthetic photon flux density) at the leaf surface. The light phase lasted from 08.00 h to 20.00 h local time except in phase-shift experiments. After each 24 h experimental period the plants were exposed for 24 h to the usual 12:12h light-dark regime to allow recovery.
Results

Regular intermission of brief dark periods in the light phase
The first experiment investigated the response to regularly repeated 5 min dark periods during the normal light phase. Figure 1 shows the responses to 55 min light/5 min dark and 10 min light/5 min dark treatments compared to continuous light. These experiments are part of a 7 d experimental series in which every second day dark periods were repeatedly applied. The closing responses to intermittent darkness are generally slight, especially in the morning hours. On the first day the plant which had never experienced interrupted light before showed the strongest closing reactions, even though the frequency of 5 min dark periods was lowest. Here, the 3 h phase of morning opening was followed by relatively strong oscillations, which faded away towards evening. The general level of aperture was significantly decreased during the entire afternoon. After 6 d, the response to 10 min light/5 min dark did not differ significantly from the response to continuous light, although the cumulative light sum was lowered by one third. The interpretation of declining sensitivity is supported by the gas exchange of the entire leaf at the end of the experimental series, when the first day's treatment was repeated ( Fig. 2) : The leaf conductance showed no measurable decline due to the dark periods. This contrasts to the response on the first day, when the conductance-changes matched well the measured aperture-changes.
This finding can also be deduced from the sequence of experiments in Fig. 3 . In this series the light-dark sequence was always 25 min light/5 min dark. The curves follow only the maximally reached values at the end of each light period and thus provide no information about the amplitude of stomatal movements. The deviation from the response curve to continuous-light was greatest on the first day and decreased during the subsequent days. While the differences were significant on the first day, there was no such difference when repeating the treatment on subsequent days. Although a normal day with a 12 h light period was intermitted between each experiment, the tendency of an adjustment to the dark-light treatment was obvious. The stomata became increasingly insensitive to the stimulus with time.
Responses to repeated brief light periods and to continuous darkness
The previous experiments showed that during the initial part of the light phase the response to intermittent darkness was so weak that the curves described an almost continuous opening mode, which indicates an endogenous component of the stomatal performance. Consequently, experiments were designed where the dark periods were always longer than the light periods. In the first experiment a sequence of 5 min light period (700 ^mol m" 2 s" 1 ) and 55 min of full darkness was applied during the usual 12 h light phase. This experiment was repeated in four diurnal courses and always had the same result. In order to detect the endogenous component of stomatal performance during the usual light phase, observations were also made at continuous darkness. Figure 4 illustrates the typical responses of five stomata.
It was obvious that the stomata started to open during the preceding nightly dark phase, 4 h before the onset of the usual light phase. Thus stomata were already open by 5-10% at 08.00 h and leaf conductance measured about 200 ^mol m" 2 s" 1 which was two-thirds of maximum conductance. If darkness was continued during the usual light phase, the stomata tended to open for the first 2 h just as though they were in light, and they reached 30% of their maximum aperture. Thereafter continuous darkness caused a closing tendency to full closure after 7 h. By contrast, the 5 min light periods every hour caused further opening for about 7 h until about 60% of the maximum opening capacity was reached. Thereafter apertures decreased until full closure was reached 1 h after the end of the usual light phase. The effect of the applied light and dark periods varied drastically during the diurnal cycle. The bar graph in Fig. 4 shows the percentage change of relative pore area during the respective light/dark periods. Light periods caused maximal opening in the forenoon and dark periods caused maximal closing in the afternoon. It is remarkable that the final 5 min light period (20.00 h) was no longer able to induce any opening.
A slightly different dark-light regime (alternating 5 min light/25 min dark) was applied in the experiments shown in Fig. 5 . The response pattern during the usual light phase was principally the same as shown in Fig. 4 , the widest opening (45% of maximum capacity) being reached after 5 h. The oscillations were similar and showed the same tendencies as in the other experiment. If this lightdark regime was shifted to the usual dark phase the oscillations were smaller and the aperture generally stayed constant. This contrasted to the bell-shaped overall response curve during the usual daytime. Leaf conductance revealed the same type of curves as stomatal aperture. Figure 6 illustrates the individual responses of five stomata to continuous darkness extended over the usual light phase (same experiment as Fig. 4) . Most, but not all stomata were already open at 08.00 h, the usual onset of the light phase, as was evident from the former experiments. Then all stomata opened increasingly for a period of 2-A h of continuing darkness until they closed more or less rapidly. The opening peak was followed by another smaller one later in the usual light phase. light phase for a while and close thereafter with damped oscillations. The degree of movements is different between individual stomata. They varied by velocity as well as by amplitude of apertures. In Fig. 6 the widest aperture for stoma 2 is 55% and the widest aperture for stoma 1 is 15%. The moment of maximal opening differed up to 110-220 min between individual stomata. Stomata may even show contrary movements at this time. Thus, the gas exchange (Fig. 4) only mirrors the general tendency and conceals the variety of stomatal responses.
Discussion
The large variation of individual stomatal reactions has already been demonstrated by Spence (1987) . It generally diminishes the statistical significance of a response effect, particularly if only small numbers of stomata are investigated. However, the capacity of observing individual stomata repeatedly allowed us to observe the responses of the same group of stomata during experimental periods of 1 or 2 weeks. It is certain that a difference in the response was the reaction to an experimental stimulus and not an effect of variable responses of subsequently observed different stomata.
The results from experiments with different light-dark periods during the usual light phase indicate that the response amplitude was a consequence of the repeated exposure to these experimental conditions rather than due to the frequency of these changes. The stomata which were adapted to constant light reacted only transiently to dynamic light conditions and within one to two days lost their sensitivity to it.
Acclimation to the light quality such as red/far red ratio (Assmann, 1992) has been observed in stomata, but only as an effect of the prevailing light conditions during development of the leaf. Acclimation of mature leaves to changes in light climate, as investigated in these experiments, has not been reported previously.
A desensitization of the stomatal responses has been demonstrated for Fragaria vesca by Kubik and Antoszewski (1983) . The increase of stomatal resistance, as a reaction to an infusion of abscisic acid (ABA) into the xylem vessels, was diminished if this treatment was repeated. Desensitization was also found in an experiment with repeated periods of 2 h alternating light-dark changes. A concomitant increase of the ABA concentration in the apoplast during this experiment supported the idea that desensitization might be a consequence of an increased ABA concentration, which could be induced also by repeated light-dark changes (Kubik and Michalczuk, 1993) . However, as the total ABA content in the leaf did not change, a translocation of ABA in the dark period instead of a de novo synthesis was suggested. Basing on calculations of the distribution of ABA between chloroplast and cellular apoplast in light and in darkness, Cowan et al. (1982) predicted that stomatal responses to darkness may occur via ABA release. ABA as a weak acid dissociates at low pH into a neutral form that is able to enter the chloroplast membrane. This can happen in darkness. In the light-exposed chloroplast the pH increases, the ABA molecules become positively charged and cannot pass the membrane. As a result, the chloroplast can act as a trap for ABA (Heilmann et al., 1980) in light, but may release the ABA in darkness. A desensitization of the stomatal responses could then be interpreted as an accustomization to the repeated changes of ABA concentration.
Direct continuous observations of stomatal movements under varying PPFD conditions do not exist so far. However, effects of transient PPFD changes on gas exchange were reported, showing partly the function of stomatal movements. In tropical lowland rain forests light flecks are important for the understorey vegetation. Alocasia macrorrhiza (Kirschbaum et al., 1988) as well as Piper auritum and P. aequale (Tinoco-Ojanguren and Pearcy, 1992) revealed drastic increases of leaf conductance subsequent to 5-8 min light flecks with a maximum conductance, that was reached 20-25 min after the onset of the light flecks and a delayed closing reaction. Such a response pattern was also induced by pulsed blue light in Commelina communis (lino et al., 1985) , Glycine max and Saccharum ssp. hybridum (Assmann and Grantz, 1990) .
Our experiments do not indicate any further opening after the end of a light pulse. When the light pulse (5 min or longer) was finished the stomata of Vicia faba began closing without marked delay. This response is corroborated also by gas exchange-derived calculations of the stomatal conductance of bean {Phaseolus vulgaris) leaves (Barradas et al., 1994) . It is, therefore, a more likely explanation that species of a different light response type were being compared here. Different responses to light pulses of Piper species were explained as adaptations to their natural light-climate (Tinoco-Ojanguren and Pearcy, 1992) . Viciafaba and Phaseolns vulgaris as photophilous plants may therefore react differently from tropical understorey plants such as Commelina, Alocasia and the Piper species.
Changes of stomatal resistance as a response to transient darkness or cloud shading have been observed in several fast-growing herbaceous species (Knapp and Smith, 1990a) . Some species reacted promptly, but others, especially woody species were less sensitive to shading. These reactions were closely related to the water status of the plants ( Knapp and Smith, 1988, 19906) . A high reactivity would prevent cumulative water loss during dark periods but would decrease the initial assimilation rate when full PPFD returns, whilst slow closing reactions improve carbon gain at the expense of a decreased wateruse-efficiency during transient shade. In these experiments Vicia faba was never subjected to water stress and therefore an interference of effects by water relations need not be suspected.
A most remarkable determinant for the stomatal responses was the endogenous circadian rhythmicity. This influence was apparent by stomatal movements when no environmental factor was changed, that is without any external stimulus (Stalfelt, 1963; Martin and Meidner, 1971) . However, it was also manifest where the sensitivity to either an opening or a closing stimulus was changing in the diurnal course as has been repeatedly observed (Mansfield, 1963; Brogardh and Johnsson, 1975; Gorton et al., 1993) . Both modes were found in these experiments. The autonomous increase of the stomatal aperture during the end of the usual dark phase enabled the leaf to gain CO 2 immediately when light quanta were available. This 'predawn and early morning readiness' is also apparent in the straightforward trend to open the stomata in the first 3 h of the usual light phase, even if no light was available or the light phase was interrupted by dark periods. This is an ecologically most effective strategy. As under natural conditions usually the early morning hours are the period with lowest VPD and soil water stress a pre-emptive opening allows optimal utilization of light without significant waterlosses. Also, in situ observations of stomata of Aegopodium podagraria in the field confirm the existance of opening before dawn (unpublished results).
From these results, different phases of stomatal opening can be deduced. After the first autonomously controlled opening phase the endogenous generator needs an external stimulus such as 5 min light to continue the opening trend, otherwise stomata will close again in continuous darkness. In the afternoon the sensitivity to irradiance declines and is negligible in the night (see Fig. 4 ). The phase shift experiment (Fig. 5) shows the absence of this diurnal change in sensitivity during nighttime. This points to the endogenous nature of the sensitivity changes rather than to alternative explanations like assimilate inhibition or fatiguing of the stomatal apparatus. Brogardh and Johnsson (1975) demonstrated that the rhythmic cycling in sensitivity to light pulses is sustained for several days under constant conditions.
Recent results by Talbott and Zeiger (1996) indicate that these distinct phases are related to differences in the osmoregulation: Predawn and morning opening was correlated mainly with K + -uptake, while in the afternoon K + -content declined and sucrose became the dominant osmoticum. These results strongly suggest different physiological mechanisms underlying the endogenously controlled opening in the morning and the light-triggered opening during the rest of the day.
Indicative for the location of the endogenous control in single guard cell pairs is the high individual diversity of the stomatal movements. All stomata generally follow the circadian rhythmicity, however, in modified ranges and not synchronously. Even adjacent stomata differed by more than 2 h in reaching their maximum aperture, and their maximally gained relative aperture could be different. So it happened that at a certain time some stomata were still opening and others closed already. As a consequence, each single stomatal apparatus must have followed its own clockwork that governs the stomatal reactivity as Gorton et al. (1989) have demonstrated with stomata on epidermal strips of Vicia faba. In the intact leaf, the individuality of movements also argues against a co-ordinating effect of the mesophyll, which could still be questioned from the results with detached epidermis.
Since long-term synchronization was apparent from the gravimetrically measured transpiratory water losses in Tamarix aphylla (Hagemeyer and Waisel, 1987) it remains an open question, to what extent the individual stomatal oscillators are long-term synchronized. The diurnal fluctuation of transpiratory waterloss exhibited by T. aphylla under constant environmental conditions would not be realized if the periods of all participating oscillators were not identical.
It is also interesting to investigate to what extent the oscillators of each pair of guard cells are co-ordinated. In fact, some stomata showed asymmetrical movements of the guard cells for some time periods.
